low-field MR extrapolated to H ϭ 0, MR* shows roughly a factor of 3 enhancement observed for all temperatures (Fig. 4) . This enhancement appears to correlate with the larger effective intergrain barrier formed by the annealing process discussed earlier. This suggests that the description of transport at the grain boundaries evolves from a fielddependent scattering process to tunneling with increasing and MR.
Our study of polycrystalline films provides a new candidate for high-MR media. In recent years, there has been much interest in magnetoresistive oxides and artificial structures derived from them. Although very important for achieving and understanding new physical properties, examples requiring epitaxial multilayer growth are unlikely to be directly transferred to applications because of the high cost of preparation. By comparison, polycrystalline films of CrO 2 readily grow on a wide range of substrates, and annealing steps can greatly improve the intergrain properties by using surface-decomposed Cr 2 O 3 as a tunnel barrier. Thus, the materials aspects of polycrystalline films of CrO 2 appear to be quite attractive for possible applications. The predominant issue to be resolved is the origin of the rapid decrease in MR* with increasing temperature, which is quite similar to that observed in polycrystalline perovskite manganites and thin-film trilayer tunnel junctions of perovskite manganites (3, 5) . Is this temperature dependence intrinsic, or can it be raised to higher temperatures by improving the materials interface properties (controlling impurity states, for example), in analogy to the successful development of magnetic metallic multilayers as useful room-temperature devices after the initial discovery of giant MR at low temperatures (15)? Our results demonstrate the promise of a nanocomposite materials engineering approach for designing useful MR properties, and perhaps for addressing this important question.
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Imaging of Intermittency in
Ripple-Wave Turbulence
The dynamics of a fluid surface filled with high-amplitude ripples were studied with a technique (diffusing light photography) that resolves the height at all locations instantaneously. Even when nonlinearities are strong enough to generate a (Kolmogorov) cascade from long wavelength (where energy is input) to shorter wavelength, the resulting turbulent state contains large coherent spatial structures. The appearance of these structures in a thermal equilibrium state (with the same average energy) would be highly improbable.
An attempt to distill into one question the issue that has intrigued scientists about the turbulent motion of fluids is, How does fully developed turbulence differ from thermal noise with the same energy? (1) . To address this issue, we used diffusing light images of a strongly rippled surface to quantify the competition between structure formation and randomization of energy in far-off equilibrium fluid motion that must be contained in a unified theory of turbulence. Thermal equilibrium differs from turbulence in that thermal equilibrium is global whereas the spectrum of turbulence has end points. Turbulence is driven by an external source of energy that enters at long wavelengths and then, through nonlinear interactions, cascades through an inertial region of shorter wavelengths until the energy reaches a wavelength that is so small that viscosity dominates the motion (2-4).
In the steady state, the spectrum of energy in thermal equilibrium and in the inertial range of turbulence are both power laws in the wavenumber k. For example, the equilibrium distribution of thermal energy for capillary waves per unit area of surface per range of wavenumber is u͑k͒ Ϸ ͑k B T͒k (1) which expresses the equipartition of energy (k B is Boltzmann's constant and T is temperature). In comparison the steadystate wave turbulent distribution of ripple energy driven by a source of power per unit area q is
where is the fluid density and is the surface tension (5-7). [For vortex turbulence as analyzed by Kolmogorov, u 
where q is now the power input per unit of volume by the tides into the stirring of the seas (3, 4, 8, 9) .]
The challenges posed by turbulence are much deeper than the need to explain the different values for the exponent of k in the equilibrium (Eq. 1) and far-from-equilibrium (Eq. 2) steady states. The distinct physical aspects of turbulence are to be found in the fluctuations around the steady state. Because motion is characterized by phase as well as amplitude, the spectra (Eqs. 1 and 2) do not uniquely determine the state of fluid motion to which they apply. In thermal equilibrium the phases randomize so precisely that fluctuations are exponentially suppressed. The probability that a measurement of energy at wavenumber k finds a power different from the average (Eq. 1) is proportional to the exponent of the difference and so follows a Gaussian distribution (in amplitude), with the result that large fluctuations are highly improbable. In turbulence, large fluctuations are not exponentially suppressed (4, 10, 11) , and the broad-band power spectrum (Eq. 2) masks the spontaneous, intermittent appearance of large, coherent structures.
Diffusing light photography (DLP) provides a means to image the spatial structure of intermittency in ripple-wave turbulence. Such a structure is displayed in Fig. 1 , which is a plot of the local rate of dissipation of mechanical energy into heat within the turbulent range of motion for capillary waves. In the turbulent regime, the fluid motion is concentrated into areas of high amplitude that substantially exceed the root-mean-square (rms) value. Furthermore, these regions of high dissipation are organized into large structures.
In DLP, the instantaneous height (x, y) of a fluid surface with large variations in height and curvature can be measured (7) . The fluid is illuminated from below with a 10-s flash of light that diffuses through the water as a result of multiple scattering from a suspension of 1-m polystyrene spheres whose concentration (0.04%) is large enough to render the water milky but small enough not to affect the viscosity. The light intensity that exits the upper surface depends on the local depth: Less light penetrates deeper surfaces. Application of the calibration curve in Fig. 2A (inset), pixel by pixel, to a charge-coupled device (CCD) camera photo of the upper surface (Fig. 3A) leads to a rendering of the surface height (Fig. 3B) .
Key to the usefulness of this technique is the elimination of ray crossings that occur when light is refracted by a surface of varying slope. For example, a light front that approaches a peak in the fluidair interface from below will be refracted toward that peak and cross other rays just above the interface. These caustics prevent the use of shadowgraphs (12) for measuring (x, y) accurately. Faraday (13) was the first to notice that the addition of milk to water eliminated caustics and rendered a smoothly varying pattern of transmitted light. Figure 4 shows a cross section of an image of a sine wave mold made from a solution of water, polyballs, and gelatin. The circles represent the reconstructed surface obtained with DLP. For this surface, rays from a horizontal light front (shadowgraph) would cross 2 mm above the maxima. The diffusinglight rendition is faithful even though the slopes vary from ϩ1 to Ϫ1. For surface waves, the slope is the Mach number, which in our experiments reached maximum values comparable to those that characterize this mold.
Also shown in Fig. 4 is the three-quarter width of a laser beam as a function of distance traveled in the polyball suspension. The laser is depicted here as incident from above. The light will propagate a transport mean free path, l*, before diffusion causes the beam to spread. A higher concentration of scatterers leads to a smaller l*. The diffusing light technique works when l* is comparable to or greater than but less than the overall depth, L, of the fluid (L Ͼ l* Ͼ ; for surfaces with a large radius of curvature the technique can work even when l* Ͻ ). In our experiments, the container of fluid is illu- Because the scattering angle is small (about 20°on average), the ray must undergo more than 10 scattering events in order to be turned through a large angle. Transmission through the "milky" water is approximately given by T ϭ SCIENCE ⅐ VOL. 278 ⅐ 28 NOVEMBER 1997 ⅐ www.sciencemag.org minated uniformly from below and a camera is focused onto the surface to record the transmitted light. The light reaching an individual pixel on the CCD comes from inside the cone (Fig. 4) . If l* is too small, the beam spreads so rapidly that light collected from one point is affected by the overall surface shape and the method fails to yield a useful image.
The power spectrum [u(k)] of the turbulent state, obtained from the spatial Fourier transform of (Fig. 3A) , is found to be isotropic and broad band in the range 15 cm Ϫ1 Ͻ k Ͻ 60 cm Ϫ1 . The exponent (Ϫ2.2 Ϯ 0.1) is close to that given in Eq. 2 (7, 14) . Use of the ripple dispersion law, 2 ϭ (/)k 3 , implies that the range of frequencies, /2, for which this motion is turbulent is 76 Hz Ͻ f Ͻ 630 Hz, as we find from the temporal Fourier transform of (t) of the motion in a 200-m region of the surface (Fig. 2A) .
To elucidate structure in the turbulent state, images such as that in Fig. 3A are digitally filtered in a fixed range of wavenumbers (in this instance, 42.4 cm Ϫ1 Ͻ k Ͻ 46.5 cm Ϫ1 ) that lie entirely within the region of broad-band motion (the corresponding frequency range 373 to 429 Hz is indicated in Fig. 2A) . Then, the local rate of dissipation, Ė , of wave energy into heat by molecular viscosity is plotted in dimensionless form (Fig. 1) as
where is the kinematic viscosity and 0 is the wavelength at which energy is injected.
Quantifying structure within turbulence requires algorithms sensitive to the local response. Such algorithms are more akin to the JET Cluster routines (15) of high-energy experimental physics than various global correlation functions. In this vein, we measure the size of intermittent structures by first blackening those units of 16 pixels where the average dissipation exceeds the rms value by a factor of 5 (Fig. 3C ). This is compared to a computer-simulated noise image where the spectrum has been preserved but the phases have been randomized (Fig. 3D) . These data show that turbulent motion within a narrow range of wavelengths is characterized by large fluctuations (16) . This is demonstrated by the presence of organized high-amplitude structures as well as large regions where the motion is remarkably quiescent. The spectrum of the Kolmogorov cascade (which is a global correlation) expresses a remarkable balance of these disparate motions.
Figure 2B (inset) shows the distribution of amplitudes of the two images, from which we derive the local dissipation (Fig.  3, C and D) . Although their standard deviation (rms power) is the same, lack of random phasing in the physically realized broad-band turbulent state accounts for its non-Gaussian form and also for the broad distribution of localized structures (Fig.  2B ). There exists no theory for this key characteristic of turbulent motion (17) .
Our observation of intermittency stands in contrast with the conclusions based on computer simulations (18) that ripple turbulence is well described by a deterministic Boltzmann type of kinetic equation. We propose that the shortage of modes that can be dealt with in a computer calculation accounts for the differing conclusions. The parameter of merit for the extent to which a system displays turbulence (7) is the ratio of the rate 1/ of nonlinear interactions to the spacing between the lowest lying modes G . For computer calculations with 256 by 256 modes this ratio is about 1, whereas for the The dissipation function (Eq. 3) of (A) filtered to retain only those components in the subrange ⌬k (the data have also been median filtered). Those squares of 16 super-pixels that exceed 80 rms are blackened to exhibit structure in turbulence. The width of these structures is approximately the wavelength spanned by the subrange ⌬k. This is a different image from that used for Fig. 1. (D) Comparison with (C) where, in addition to filtering, the phases of the various Fourier components have been randomized. Although the power spectrum is completely unaffected, the area of structures as well as the regions of low amplitude are greatly diminished. Fig. 4 . Experimental criteria for DLP. Our measurement of l * is overlaid on a calibrated image of a sinusoidal mold. Shown is the width of a He-Ne laser beam (633 nm) propagating into the liquid (squares denote a 0.04% solution and triangles denote a 0.12% solution). The indicated beam width contains 75% of the light. For the 0.04% solution, the beam propagates ballistically for a distance equal to the transport mean free path (l * Ϸ 0.75 cm) before spreading. For a 0.04% solution, light propagates into the bulk of the medium without interacting with other surface locations. In this instance the calibration curve in Fig. 2 can be used to obtain an accurate rendering of the mold from a photo of the transmitted light. For a 0.12% solution the beam probes nearby points on the surface, and so when its calibration curve is applied to a cross section of the mold, the rendered height is wrong at the peaks (but not the troughs) by 25%. For a 0.3% polyball suspension, the peaks are overestimated by a factor of 2. 15 cm by 15 cm resonator used in our experiments, the ratio is about 10,000 (19) . It has been emphasized that as decreases (so that the system becomes more turbulent), the effects of intermittency should become more pronounced (20, 21) . It is unclear whether the nature of the observed structures will change at higher levels of energy throughput or as viscous interactions with the boundaries are modified. An improved system for the study of ripple turbulence is the surface of a levitated sphere of fluid. In this instance, waves scatter only from each other and not a boundary.
